and associated coarctation of the aorta, absent pulmonary valve, atrial septal defect, and patent ductus arteriosus beyond the neonatal period.
Our discussion of ventricular septal defect will include, however, patients with associated pulmonary vascular obstructive disease, aortic regurgitation, minimal pulmonary stenosis (peak gradient of less than 30 mm. Hg), and mitral valve disease (outside of the framework of endocardial cushion defect). The first three of these should be considered because their development, in the course of time, represents part of the natural history of ventricular septal defect. Coexisting mitral valve involvement will also be discussed briefly, since its recognition is difficult and may influence surgical decision in regard to ventricular septal defect.
Within this review, we will cite the incidence, restate the diagnostic criteria, discuss the anatomy and physiology, emphasize more recent information referable to the clinical picture, survey the data available on the natural course of the disease, propose indications for surgery, and present the results of operation.
Ventricular Septal Defect the newborn group almost 50% of the patients with congenital heart disease have solitary ventricular septal defect. We think this figure is too high. Somewhat more recent data on over-all incidence are closer to 6/1000 (Harris and Steinberg, 1954; McIntosh et al., 1954) . Thus, 1-35/1000 (or 2/1000 as Hoffman and Rudolph suggest may be the true figure) would represent about 30% incidence among newborn cardiacs.
Interestingly enough, in surveys limited to school children (Weber, 1918; Rose and Keith, 1966) and this, of course, has a great deal of bearing on the natural history of ventricular septal defect, a much lower incidence was found (2 8 to 5 6/10,000). An interesting Table in Bloomfield's paper (1964) indicates that even in case material 'usually limited to age three and beyond', first visits for ventricular septal defect are rare over the age of 30 (48/424) . The same author's necropsy data also attest to the rarity of isolated ventricular septal defects over 15 to 20 years of age (037/1000).
These figures are cited only to indicate that isolated ventricular septal defect is relatively common in infancy and becomes rarer with advancing age. Obviously three things may underlie this trend: (1) death; (2) spontaneous cure; (3) change in clinical or pathological profiles so that the lesion is not classified in later life as ventricular septal defect.
The discussions to follow will attempt to shed some light on this disappearance of ventricular septal defects.
Diagnostic Criteria
The diagnosis of ventricular septal defect seems, superficially, to be on firmest grounds if made at necropsy. This obviously is true in a positive sense; if the pathologist finds a defect in the ventricular septum there is very little room for argument. On the other hand, it is equally clear that small ventricular defects, giving rise to the characteristic clinical profile and proven unquestionably by physiological or angiographic data, may be missed by a less than first-class pathologist. The diagnosis of a ventricular defect indeed may be made easily at necropsy, but it cannot be excluded by anything but the most painstaking search by expert hands probing diligently behind trabeculae and papillary muscles. Despite the reported incidence of spontaneous closure of ventricular septal defects, the pathological recognition that a defect existed and later closed is rare. It seems clear that while small defects may be overlooked, evidences of a closed defect are almost invariably unrecognized, even by the most sophisticated observers.
Cardiac catheterization is today the procedure of choice in establishing, or excluding, the diagnosis of ventricular septal defect. The most widely accepted oximetric definition of a left-to-right shunt through the ventricular septum is a minimum of 10% increase in oxygen saturation from right atrium to ventricle in one set of samples, or a minimum of 5% increase in each of two sets of samples. A more sensitive, in vivo, oximetric method is afforded by the fiberoptic catheter responding instantaneously to phasic changes in oxygen saturation within the cardiac cycle; the jet of highly oxygenated blood may be detected by this instrument if skilfully placed in the vicinity of the defect (Fig. 1 ). Other indicators of high sensitivity for detection of left-to-right shunts include hydrogen ion (the gas inhaled through a mask and detected by a platinum electrode in the ventricle) ( Fig. 2) It is perhaps easiest to remember, and is not too far from the truth, that the membranous outflow defects adjoining the right and/or posterior aortic cusps make up 70% of the defects, and the high outflow lesions, the inflow lesions, and the AV canal defects contribute probably about 10% each to the total.
The size of the defects may vary from pinpoint size to virtual absence of the septum. Defects with diameters of at least one-half the aortic diameter are referred to as 'large' (Selzer, 1949 The timing of the left-to-right shunt, within the cardiac cycle, has recently been studied in our laboratory with the fiberoptic catheter (Gamble et al., 1965) and by Levin et al. (1967) using biplane cine-angiography. It seems that the flow occurs in early systole in small defects, throughout systole in large defects without pulmonary vascular obstructive disease, and in systole as well as diastole, with a double peak, in patients with ventricular septal defect and pulmonary vascular obstructive disease (Fig. 1) .
That the physiology of ventricular septal defect depends on the status of the pulmonary arterioles as well as the size of the defects, has been amply discussed by Rudolph and Nadas (1962) in the past and will not be repeated here. Suffice it to say that the large defects (over 1 cm./m.2 in diameter physiologically, or over half the aortic diameter pathologically) result in pressure equalization between the systemic and pulmonary circuits. Applying Ohm's law, P = F x R, it seems clear that the systemic, or near systemic, pressure levels in the pulmonary circuit, associated with large septal defects, may be high pulmonary flow or high pulmonary resistance situations or, most likely, a combination of both.
The changes in the muscular pulmonary arteries and pulmonary arterioles from newborn period to adulthood and the parallel changes occurring in pulmonary haemodynamics have also been amply described within the past decade (Dammann and Ferencz, 1956) . Briefly, the normal involution of the media of the muscular arteries becomes evident within the first couple of months of life but is not normaUy completed till sometime within the first year. The precapillary arterioles normally have no muscular media, except at their branching off from the muscular arteries. In patients with large ventricular septal defects and pulmonary artery hypertension, the normal involution does not usually take place, anatomically, according to the normal time-table. Medial hypertrophy is present in infancy and, with the progressive intimal changes developing in early adulthood, pulmonary vascular obstruction results (Naeye, 1966) .
In the normal fetus, right and left ventricular pressures are equal due to the high resistance offered by the unexpanded lung and the muscular arteries. With the first few breaths the lungs expand, resistance drops dramatically, and a pressure gradient develops between the two circuits, now separated by the closure of the ductus arteriosus and the foramen ovale. Further drop in pulmonary resistance occurs through the ensuing months with the normal involution of the muscular arteries. The course of events in the patients with small ventricular septal defects, though not well documented, is surely not too different. In babies with large ventricular septal defects, however, the drop in resistance does not occur with the same speed as in the normal infants or in those with small defects. The drop in resistance due to expansion of the lung does occur indeed, but the further drop due to medial involution occurs probably only transiently if the size of the defect stays the same. Taking these anatomical and physiological changes into consideration, one may easily explain the following clinical facts: (1) the murmur of the ventricular septal defect is usually not heard well within the first days of life, because resistances in the systemic and pulmonary circuits are similar enough that no significant pressure gradient between the two circuits exists; thus no significant left-to-right shunt, to give rise to a murmur, occurs; (2) in almost all cases a significant murmur appears within the first month of life because, when a defect is present, enough involution of the pulmonary vasculature occurs within this period to give rise to a sizeable shunt; (3) congestive heart failure in babies with large 274 ventricular septal defects almosi within the first 6 months, and first 3 months, of life, but almos week, because the ratio of Rp/R permit a large left-to-right shun of life, but will certainly, with conducive to congestive heart first few months; (4) (Fig. 6 ). The middiastolic rumble usually follows the third sound and thus is separated appreciably from the pulmonary closure; though, by and large, the louder the rumble, the greater the left-to-right shunt, this relation is far from linear (Fyler et al., 1958) . It should also be mentioned that mid-diastolic rumbles due to increased mitral valve flow alone, V~s eldom, if ever, assume a presystolic crescendo configuration (Fig. 7) . The intensity of the 2 pulmonary valve closure is roughly related to pulmonary arterial pressure, but in young children with thin chests this may prove to be an unreliable guide. Better assessment of pulmonary artery pressure may be furnished at auscultation by the inverse relation of A2-P2 distance, and phonocardiographically by the P2 -v interval (Gamboa et al., 1965) (Fig. 8) ; the closer the second sound is split, the nearer pulmonary artery pressure is to systemic artery pressure.
The over-all heart size and the left atrial size in ve a small ventricular the x-ray are excellent measures of the size of the early, decrescendo, left-to-right shunt and prove to be more dependable er left sternal border in our hands in this regard than the estimation of IS = 2nd left inter-degrees of pulmonary plethora. 
Natural History
We have alluded already, in the section devoted to the discussion on incidence, to the 'case of the disappearing ventricular septal defect'. To paediatricians and paediatric cardiologists, ventricular septal defect is probably the commonest congenital cardiac malformation (2/1000 live births); in contrast, in the school surveys, incidences of only 0-3-0-6/1000 are cited. Looking at the problem in another way, the figures for newborns suggest that at this age about 30% of the patients with congenital heart disease have ventricular septal defect, data obtained from cardiac clinics dominated by the paediatric age-group suggest a 20°% incidence, whereas from units frequented by adults an 8% figure is reported. These figures, difficult to obtain and harder to interpret, gain validity from the common-sense observation that in paediatric cardiac clinics ventricular defects are present in large numbers, whereas they are as rare as hens' teeth in adult clinics and offices.
What happens then to the patients with ventricular septal defects ? Our more surgically-oriented colleagues suggest, if not in writing but in formal and informal meetings, that they obviously die on account of the lack of surgical correction. The record does not seem to bear out this contention. In our own material (Fyler et al., 1958) , less than 5 % of ventricular defects died and most of them with bronchopneumonia, prematurity, and associated anomalies. An 18% 'medical death rate' was found and contrasted with 25% 'surgical death rate' by Ritter et al. (1965) , but in only half of the 18% was death attributable to congestive failure; in the others pneumonia, prematurity, and arrhythmias were the underlying causes of death. It is also interesting to note that in this carefully analysed series only one of the 85 patients who belonged to well-defined severity groups died without operation; 19 out of 20 deaths belonged to a category designated as 'remainder', by which the authors mean that the diagnosis was made at necropsy or on the basis of non-classifiable incomplete data. The vast majority of these deaths, then, were in patients who probably did not receive optimal care for any length of time. Walker et al. (1965) cite a mortality of 7/415 (less than 2%); but one of these occurred in an unexplained fashion in a baby with a defect of less than 1 cm./m.2 and right ventricular pressure of 45 mm. Hg, and another one had congenital heart block.
It is clear then that death can account for only a small percentage of the disappearing defects. It is also uniformly accepted that the vast majority of the few deaths occurred within the first year, and probably within the first six months of life (Zacharioudakis, Terplan, and Lambert, 1957) . Bloomfield (1964) could find only 25 ventricular defects in patients of over 20 among 67,000 necropsies, and 16 of these died from causes unrelated to their defects. Combing several series, this author found a 3*7/10,000 incidence among 142,000 necropsies of patients over 15 to 20 years, and death in most of these was probably not attributable to the ventricular defect itself.
The final consideration of the discussion of deaths in patients with ventricular septal defect should relate to the type of defect and to the nature of their demise. There seems to be no evidence whatsoever that small defects, less than 1 cm./m.2, are likely to prove fatal. Bloomfield (1964) states that, 'pulmonary hypertension has never been reported to occur or develop in small defects'. In a statement based on the analysis of 115 reported necropsy cases, Lucas et al. (1961) come to the same conclusion on the basis of a smaller number of clinical observations. Ritter et al. (1965) found no progressive pulmonary vascular obstructive disease among any of the patients with clinically small defects (pulmonary-systemic flow ratio of less than 2 5). Kaplan et al. (1963) (Weber, 1918) , but it was not clearly proven by cardiac catheterization till this decade, and its frequent occurrence was documented only quite recently (Hoffman and Rudolph, 1965) . As many as 60% of newborn ventricular defects were reported closed, or almost closed, within the neonatal period. If one adds to this Bloomfield's statement that 'at least 25% of small defects among patients surviving infancy will close in a lifetime' this will become a sizeable figure indeed. In our clinic we have 3 patients among 73 recatheterizations in whom the defect completely closed. In addition, we have 50 in whom the defect either closed completely, or became appreciably smaller, by clinical criteria. The mode of spontaneous closure of ventricular defects has not been proven yet, but it seems likely that several mechanisms could be responsible (Hoffman and Rudolph, 1965; Bloomfield, 1964; Evans, Rowe, and Keith, 1960) . There are no data available to predict with accuracy how many and which type of defect will close spontaneously, but certain inferences can be made. First, the commonest time of closure is in the neonatal period: but we have seen it occur in the pre-school period, documented once between 6 and 9 years of age and another at 14 years of age, and have no doubt that it may occur in adults as well. Small defects are more likely to close than larger ones; Evans et al. suggest, and we agree, that as many as 30% ofclinically diagnosed ventricular defects with small shunts, normal electrocardiograms, and short, regurgitant murmurs, will close spontaneously. It is important to emphasize, however, that not too infrequently large defects with significant pulmonary arterial hypertension will also close or at least become appreciably smaller (Hoffman and Rudolph, 1965; Bloomfield, 1964; Kaplan et al., 1963; Nadas et al., 1961 Edwards (1957) as well as by Dammann and Ferencz (1956) . Clearly, one may find some grade 4 and 5 changes in the lungs of young children, but this is rare. Over the age of 20, it becomes relatively common. So that one may say with assurance that large defects in adults are likely to be associated with pulmonary vascular disease, and thus a certain percentage of children with ventricular defect may be classified, when they become adults, as Eisenmenger's disease. The true incidence of this complication is hard to assess; among Ritter's material (Ritter et al., 1965) , covering all ages, 10% had Eisenmenger's disease.
Figures much higher than this may have to be quoted for adults with large defects; these are the patients who as infants and children had high pulmonary blood flow and pressure, with pulmonary to systemic pressure ratio of over 75%.
The emergence of subvalvar pulmonary stenosis in patients with ventricular septal defect has been well documented for many years (Gasul et al., 1957) . Most of these patients present in infancy with the clinical picture of large ventricular defect. The murmur of infundibular stenosis, if present at all, is usually masked by the pansystolic murmur of ventricular defect. Findings that may suggest the presence of additional pulmonary stenosis are: (1) a degree of right ventricular hypertrophy in the electrocardiogram out of proportion to the evidence of increased pulmonary flow (pulmonary plethora, heart size, and rumble), and (2) the murmur may transmit better than usual to the supraclavicular area and the neck. With the passage of time, in these patients, evidences of a left-to-right shunt diminish and those of a right-to-left shunt begin to dominate, so that by the second or third decade, the clinical profile is indistinguishable from that of Fallot's tetralogy. This then is another way that the ventricular defect may disappear; it turns into the tetralogy of Fallot. The incidence of the development of this complication is also unknown; our own guess is that it is about 5 % of patients with large ventricular defects. One other point should be stressed, namely, that though most of the patients who in later life present as tetralogy of Fallot did have some degree of pulmonary stenosis at the time of the first catheterization in childhood, this is not invariably the case. We have seen, rarely, infants with ventricular defect without appreciable gradient across the R-V outflow tract develop, de novo, pulmonary stenosis by the time they are catheterized for a second time in their teens.
A third complication of patients with ventricular defect, which may alter the clinical profile over the years, is development of aortic regurgitation. Anatomically, this consists of a prolapse of the right coronary, and occasionally the non-coronary, cusp of the aortic valve into the left ventricle or even across the defect into the right ventricle or the pulmonary artery. The defect is always of the outflow type and may be unusually high, right below the pulmonary valve. The development of aortic regurgitation, due to the prolapsed cusp, may be paralleled by the diminution, or even disappearance, of the ventricular left-to-right shunt as the defect becomes plugged by the pendulous aortic leaflet. It is well documented now that clinical aortic regurgitation is acquired invariably beyond the first birthday, commonly at the end of the first decade. At first a faint, high frequency, protodiastolic murmur appears in addition to the murmur of ventricular defect; as time goes on evidences of aortic incompetence increase and signs of ventricular septal defect diminish or disappear. Not only is the accurate incidence of this complication not known, though it surely is less common than the previously discussed two, and in no case is it any higher than 1-2%, but the rate of progress of aortic regurgitation is not known either. Some observers maintain that all patients with prolapsed aortic cusps deteriorate within a few months or a year; we certainly have observed this course of events (Fig. 9 ) but we are also following patients at present whom we have observed for over 5 years without accentuation of the signs of aortic regurgitation. On the whole, this is a malignant complication leading to congestive failure and predisposing to bacterial endocarditis in a high percentage of cases. Ventricular septal defect and aortic regurgitation is a much more life-threatening combination than ventricular defect with pulmonary stenosis, and though potentially surgically correctable, may run a more rapid downhill course than the equally fatal pulmonary vascular obstructive disease.
Bacterial endocarditis is a dreaded but, fortunately What is accomplished by the surgical closure of ventricular septal defects? Under ideal circumstances, the murmur disappears, there is no residual shunt, the pulmonary arterial pressure is low, the heart size and the electrocardiogram return to normal. Unfortunately, this perfect result does not occur in more than 50% of the survivors. Post-operatively, many of the children have some residuum; the heart size may not be entirely normal, the electrocardiogram may show right bundlebranch block, a murmur may remain, and sensitive indicators may demonstrate a small residual shunt at catheterization, and even the pulmonary arterial pressure may not return to normal. Any of these residual features may be quite disturbing to parents who were promised, in return for the agony of cardiac surgery, that the child's heart would be 'normal'. The wise cardiologist will be careful to point out before operation the likelihood of residual abnormalities and the desirability of post-operative recatheterization in certain situations. The presence of these, hopefully minor, abnormalities does not negate the helpfulness of the operation-the parents themselves often note the increase in growth rate, the quiet sleep, the steady slow heart rate, and the increased exercise tolerance after operation. The heart just is not 'normal' and this fact cannot and should not be glossed over.
What happens to the increased pulmonary resistance in the survivors of operations for hypertensive ventricular septal defect ? In most instances the pulmonary arterial pressure falls commensurately with the decrease in pulmonary flow, but the calculated resistance, whatever that means, remains unchanged in about 75 % of the cases. In the lucky half of the remaining, the resistance drops significantly, but in the other unfortunate ones, the resistance continues to rise. At this time, the authors are not aware of any diagnostic tool that could identify the latter group.
Infants with ventricular defect represent a difficult group from the operative point of view. Attempts at complete closure in infants under 6 months of age are considered to be too hazardous, entailing a mortality of anywhere between 25 and 50%. Consequently, in situations where surgery is mandatory (intractable failure), almost all surgeons in America prefer pulmonary artery banding which carries a 10% risk in skilful hands. This approach is the preferred one in our institution and in many other centres in the United States, for infants up to 2 years of age, but some especially skilful surgeons can accomplish complete repair in the 6-to 24-month age range with mortality figures of 10% or less (Cartmill et al., 1966) . Obviously, this is preferable to banding if it can be accomplished safely.
The results of pulmonary artery banding in the survivors is highly satisfactory. Congestive heart failure disappears, the heart becomes smaller, and growth and development improves. We have seen patients banded in infancy in whom the ventricular defect, in the course of the first two years, decreased in size and even closed. Others become cyanotic and present as tetralogy of Fallot patients 3 to 6 years after banding. The majority, however, continue to do well, with a physiological picture of ventricular defect with moderate pulmonary stenosis and a small left-to-right shunt. Elective closure of the ventricular defect with removal of the band can be accomplished at 5 to 10 years of age with a risk probably no higher than 5-10%.
